The behavior of acoustic waves produced by microfracture events and from pencil Iead breaks was studied for two different silicon carbide fiber-reinforced silicon carbide matrix composites.
that using the extensional wave velocities from acoustic emission (AE) events or AE produced from pencil lead breaks performed outside of the transducers enabled accurate measurements of the stiffness of the composite.
The extensional wave velocities changed as a function of the damage state and the stress where the measurement was taken. Attenuation for AE waveforms from the pencil lead breaks occurred only for the composite possessing the lower interfacial shear stress and only at significantly high stresses. At zero stress after unloading from a peak stress, no attenuation occurred for this composite because of crack closure. For the high interracial stress composite no attenuation was discernable at peak or zero stress over the entire stress-range of the composite. From these observations, it is believed that attenuation of AE waveforms is dependent on the magnitude of matrix crack opening.
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A desirable attribute of ceramic matrix composites (CMCs) is their non-linear stressstrain behavior when loaded in tension [1 ] and sometimes referred to as "graceful failure". This attribute combined with high-temperature durability makes CMCs potential materials for applications such as combustor liners of future high-performance civil aircraft en_nes [2] . The nonlinear response is mostly the result of transverse matrix cracks, although, additional damage mechanisms such as interlaminar matrix cracks (i.e., interlaminar delaminations) and fiber breaks may also contribute to this behavior. The underlying feature that governs the energy absorbing process of damage accumulation in CMCs is the interface that lies between the fibers and the matrix. A properly planned interface allows matrix cracks to propagate around fibers, via the interface, rather than fracturing the fiber itself. This results in matrix cracks that are bridged by unbroken fibers. In the vicinity of the matrix cracks, the bridging fibers experience higher strains than fibers in areas without matrix cracks, which is the cause of the non-linearity. The extent of non-linearity is predominantly due to the interfacial shear strength, i.e. lower interracial shear strengths result in longer load-transfer lengths between fiber and matrix, wider crack-openings at stress, and therefore larger non-linear strains at a given stress in comparison to a similar composite with a higher interfacial shear stress.
Acoustic waves, i.e. acoustic emission (AE), are created when matrix cracks are formed, propagated, or opened. AE has been used to monitor or measure the degree of damage in ceramic matrix composites. For example, AE has proven to be an excellent technique for determining when the first matrix cracks appear [3] . It should be noted that the first damage events usually occur at stress levels prior to the initiation of non-linear behavior. AE has also proven successful in monitoring the accumulation of damage during tensile tests [4] [5] [6] as well as correlating the individual AE signals to specific damage events [7] [8] .
With the formation of matrix cracks, the stiffness of the composite decreases. Eachsensor wasconnectedto a preamplifierandfilter trigger module that was fed into the computer.
Consequently
The preamplifier was set at 20 dB, the filter signal was amplified 9 dB and the filter trigger was amplified 21 dB. The load and strain were also recorded with the FWD computer via I 0 volt signals provided by the hydraulic load frame. The post-test analysis was conducted using Wave Detector TM software provided by the FWD manufacturer.
The test procedure for each specimen was as follows.
While the specimen was gripped in the load frame, prior to applying the load, pencil lead breaks (0.5 mm HB) were performed on the specimen's face in a location outside of all the ultrasonic transducers ( Figure 1 ). These lead breaks were conducted in order to obtain a velocity measurement for the extensional wave in the undamaged state [7] . The extensional waves travel faster than the flexural waves and thereby arrive first at the sensors. This allows for easy identification. The specimens were mechanically loaded in a repeated load-unload fashion. With each reload, the maximum stress level was progressively increased. For a typical experiment, the stress was increased to a stress level of 69
MPa and then unloaded to zero stress. This was followed by stress reversal points of 138 MPa, 207 MPa, 276 MPa, 345 MPa, and then finally to failure. The increasing stress rate was 0.69
MPa/second, while the decreasing stress rate was 2.1 MPdsecond. The increasing stress rate was slow enough to allow the FWD system to capture most of the AE activity. For various reasons, slight deviations of the stress reversal points were selected so as to allow each specimen's experimentation to be tailored. For example, some tests were interrupted before failure to allow sectioning for microscopy. The load was held numerous times during the tests to allow for pencil lead breaks on the specimen face. The holds were conducted at specified stress levels both during the load-up to the peak stress as well as numerous times during the unload from the peak stress to zero stress. Note that by taking numerous measurements during the unload and reload portion of the tests, the stress dependence of certain acoustic parameters could be studied. This was due to the fact the stress was changing while the damage state was held constant. Again, these lead breaks were conducted outside of the transducers. This allowed velocity measurements, as well as attenuation readings, to be made as the wave traveled past each of the AE transducers.
RESULTS

Acoustic Emission Activity During Tensile Testing
The mechanical behavior and AE activity observed for the materials in this study were very similar to earlier studies concerning comparable materials [7, 8] . Typical stress-strain plots from load-unload tensile tests are shown in Figure 2 . As the extent of non-linearity increases, the width of the hysteresis loops also increase. Figure 2a and 2b indicate the AE activity, in the form of accumulated AE energy. AE energy was found to have a nearly direct relationship to the amount of transverse matrix cracking in these types of composites [7, 8] . .
The Use of Acoustic Emission Waveforms to Monitor Elastic Modulus
The AE data was used to measure the velocity of sound of the extensional component,
C_(o), of the AE waveforms.
This was accomplished by utilizing actual fracture events that occurred outside of both the sensors. Next, the velocity was related to the elastic modulus of the specimen as a function of the load history, defined by the maximum stress attained during the particular hysteresis loop [7] . From the distance between the AE sensors, x, (Figure 1 ) and the difference in times of arrival of the first peak, Atx, as the waveforms pass each sensor (Figure 3) , the experimentally determined velocity of the extensional wave can be calculated [7]:
The speed of sound was measured for the untested material, Cc(o_0), from AE created from the lead breaks performed outside of the sensors. Note again that c in equation (1) defines the peak stress of a given hysteresis loop. Also, the AE events used for the velocity measurement in (2) . As described below, the speed of sound was measured from either microfracture events that occurred outside of the sensors or from pencil lead breaks that were performed outside of the sensors. Figure 3 shows a typical result for a HN-C-ENH composite.
There was excellent agreement between the unload elastic modulus and the measured speed of sound.
Similar results were also observed in reference 7.
In each case, the reloading elastic modulus was higher than the unloading elastic modulus. This was also observed for SiC/SiC composites in reference 13. Since the AE velocity data was obtained at stresses higher than the previous peak stress and never during unloading or reloading, i.e. at lower stresses than the peak stress, the measured velocity is expected to correspond to the unload elastic modulus.
The larger reloading elastic modulus at zero stress after matrix cracking is assumed to be due to matrix crack closure at a positive tensile stress. This is the result of residual compressive stresses in the matrix (e.g. due to thermal expansion mismatch between the fiber and the matrix) or to debris that may accumulate in the matrix cracks during cycling. A method has been defined which can approximate the existence of internal residual stresses in a composite [14] . It has been shownthatthe locationof the pointof intersectionof theaverageslopesof the hysteresiscurves abovethe closurestresswill definewhetherresidualstresses aretensile, compressive or zero. If the point of intersection is at a positive stress, then the matrix residual stresses are compressive;
if the point of intersection is at a negative stress, then the matrix residual stresses are tensile; and
if the point of intersection is at zero stress then there are no residual stresses. For these composites the intersection is essentially zero stress or a negative stress as seen in Figure 2 .
Therefore, from this reasoning it appears that the cause for the crack closure effect is due to debris in the matrix crack.
Analysis of Pencil Lead Breaks using the AE System
Little if any AE emission occurred during the unloading portion of the hysteresis loops or during the reloading at stresses below the previous peak stress (Kaiser effect).
Pencil lead breaks
were performed during load-holds of the tensile tests in order to determine the extensional-wave velocity of sound across the two AE sensors as a function of stress during the unloading and reloading portion of the test. Figure 4 shows typical captured waveforms for each of the two AE sensors. In the figure, two lead breaks were conducted; one at the peak stress of 207 MPa ( Figure   4a ) and the other at zero stress after unloading from the peak stress ( Figure 4b ). It can be seen for each stress case that the amplitudes of the waveforms at the far sensor, as indicated by the later arrival time, were much lower. This shows that extensive damping occurred as the wave traveled through the material between the sensors. The issue of attenuation as measured using AE energy is discussed later in this section.
The velocity Of the extensional waves as measured during each load hold for the HN-C-STD and HN-C-ENH composites are plotted in Figures 5a and 5b Evenso,the tangentmoduluscontinuouslychanges asthespecimens wereunloadedfrom the peakstressto zerostress(seeFigure2).
Figure6
showsthe Ce(_,) / Ce(_0) from lead breaks and (E(o/E(_0)) 1/2from tangent moduli at both the peak stress as well as the zero stress for various values of peak hysteresis stress.
There is excellent correlation between the velocity and tangent modulus values for both measurements made at the peak stress as well as measurements made at zero stress for both composite systems. This confirms that the velocity of sound waves mimics the elastic response (stiffness) of the system (equation 1) even when affected by a residual stress-state, e.g. crackclosure.
It should be noted that the tangent modulus, at points other than at initial stress-up (loading) or stress-down (unloading), decreases with increasing stress upon further loading or decreasing stress upon further unloading. This is due to the shear-lag mechanism of fiber sliding and is the cause of the hysteresis loop. Therefore, the tangent modulus of the unloading or reloading curve other than the initial tangent modulus is not a true elastic response [ 15] .
Attenuation of AE Waveforms
As stated above, some damping had occurred as the extensional wave traversed the material between the two AE sensors. This is evident in Figures 3 and 4 where the sensor that was closer to the material fracture source or lead break source had a larger maximum amplitude than the farther sensor. The maximum amplitude for these events is composed of the flexural wave, which is typical for plate waves.
In order to quantify the degree of signal loss between the two sensors, the loss in peak 
where qp is the peak hysteresis loop stress, Rf is the fiber radius, Pc is the matrix crack density, Em is the matrix modulus, and a] and b2 are constants based on the elastic properties of the constituents [16] . From equation (3), for the HN-C-STD composite z was estimated to be -31
MPa whereas for the HN-C-ENH composite -_was estimated to be -350 MPa. These values may be overestimates due to the stiffening of the hysteresis loop at low stresses and the probable overlap of sliding lengths around cracks; however, the average pullout lengths of fibers on the fracture surfaces differed between the two composites by over an order of magnitude (> 1mm for the HN-C-STD composite and -50 pm for the HN-C-ENH composite) confirming at least the qualitative difference in the interfacial shear stresses for the composite systems. This is important because the amount of crack opening is strongly dependent on the interfacial sliding stress between the fiber and the matrix, as will be discussed below.
DISCUSSION
The relationship between non-linearity in the stress-strain curve associated with transverse matrix cracking, acoustic emission, and speed of sound measurements were in accord with previous studies. However, in this study it was demonstrated that the speed of the extensional sound wave was sensitive to the stiffening of the composite upon unloading due to crack closure. Therefore, the speed of sound can be used to monitor changes in a materials elastic properties that are dependent on stress without further damage. 
Based on the _ values derived from the above analysis of the hysteresis loops (equation 3), the crack opening for HN-C-STD would be an order of magnitude greater than the crack opening for HN-C-ENH at a given stress. Since significant damping occurs between 138 and 207 MPa for the HN-C-STD material and no real increase in damping occurred for the HN-C-ENH material, it can be concluded that a certain combination of matrix crack density and crack opening displacement, i.e. low % is required for significant increases in attenuation as a function of increasing stress. This may me be of special importance for applications where one wants to tailor the damping properties for a given application or increase the damping capacity of a material with increasing stress.
CONCLUSIONS
1. The speedof soundof the extensional wave was shown to be a reliable measure of the loss in stiffness due to damage accumulation as well as an increase in stiffness at zero stress after unloading due to crack closure.
2. The AE equipment was used to measure the attenuation of the transmitted sound waves created by lead-breaks and showed that a significant loss in signal was observed for composites with a low interfacial shear stress when the specimens were subject to an applied stress. However, at zero stress after unloading from a high pre-load stress, those same specimens showed no additional attenuation compared to undamaged material because of crack closure. In other words, the amount of attenuation for the low "ccomposite was dependent on the amount of damage and the applied stress at which attenuation measurements were made. For the high z composite, no real change in attenuation was observed with increasing stress or damage compared to undamaged material.
3. Once the stress and/or damage-dependent acoustic properties are understood and quantified for a given composite system, the AE behavior can be used to monitor the stiffness of a material and the degree of damage accumulation in a component over a loading cycle.
Conversely, if a certain stress-dependent acoustic damping property is required for an application, the microstructure of these types of composites can possibly be tailored to the desired acoustic properties required. 
